The energetic chemical and structural properties of interfaces between solid and liquid metals are of great interest in numerous applications. However, solid-liquid interfacial energy of metals are often determined by nucleation experiments, requiring particular attention to the measurements so obtained. The purpose of this paper is to conduct an analysis of the level of liquid undercooling of 3d-, 4d-and 5d-transition metals, as well as of other common undercooled elements, through a critical survey of thermophysical data and experimental results. As already pointed out for the liquid-vapour surface energy σ LV , the solid-liquid interface energy σ LS determined from the maximum amount of liquid undercooling is well connected to the position of the element in the periodic table leading to individualize each behaviour, including the size of the critical nucleus. The β ratio of σ LS /σ LV is demonstrated to be an interesting dimensionless number to classify the elements into distinctive groups. No significant unexplained anomaly is identified, except for Co, making believe that Turnbull's classical theory furnishes a robust support to describe the crystal nucleation in pure elements.
INTRODUCTION
A finite amount of liquid undercooling is required to initiate solidification. An undercooled melt is in a metastable state and nucleation is the first step of the phase transition, selecting the primary phase of growth. The understanding of nucleation is therefore of major importance for a better control of solidification. The physical origin of liquid metastability is well explained on the basis of Gibbs work, but this work provides no answer to the question of what is the undercooling limit in temperature. It seems to be difficult to develop a quantitative theory of nucleation and to verify the occurrence of homogeneous nucleation which identifies with this limit (in opposition to heterogenous nucleation due to catalytic effects of foreign particles). Since the phenomenon of liquid undercooling translates the construction of a viable solid-liquid interface, the objective is finally in measuring and modelling of surface energies. Apart from nucleation and crystal growth from the melt, the energetic, chemical and structural properties of interfaces between solid and liquid metals are of great interest in wetting phenomena, liquid phase sintering and embrittlement of solids by liquids metals (1) . However, most published values of solid-liquid interfacial energy of metals are determined by nucleation experiments, requiring particular attention to the measurements so obtained.
From an experimental point of view, the state of liquid undercooling was discovered by Fahrenheit on water when working on the thermometer (2) . Later on, Cavendish (3) found this phenomenon in Hg protected by nitritic acid and fats. In the same way, Despretz (4) undercooled water down to -20°C and noticed that solidification proceeded rapidly, causing the glass vessel destruction. Interesting observations were also realized by Gernez (5) and Van Riemsdyk (6) , e.g. the detrimental effect on undercooling of discontinuous cooling, isomorphous solid particles, and stirring. In 1908, Mendenhall and Ingersoll (7) noted "several rather curious phenomena" when heating minute particles of various metals placed upon the surface of a Nernst glower, whose temperature could be controlled with a suitable rheostat and examined with a microscope of low power. As a matter of fact they obtained very large undercoolings, e.g. 375 K on Pt. Still later, Vonnegut (8) demonstrated that dividing the melt into small particles could isolate heterogeneous nucleation sites. These last two works established the dispersion techniques as the suitable way to investigate the undercooling behaviour of numerous pure metals and semi metals. These techniques were successfully improved and extended by Turnbull (9), Rasmussen (10), Perepezko (11) , Bosio (12) and co-workers. In the advent of container-less processing methods, deep undercoolings unseen previously on bulk liquids were achieved (13) . Recently, high drop-tube facilities (14, 15) allowed investigating refractory transition metals up to W.
From a theoretical point of view, Gibbs (16) proposed in 1873, a thermodynamic analysis on phase stability leading him to distinguish between localised and delocalised perturbations and/or fluctuations in the melt (concerning respectively a fraction of phase particles and the entire phase). In the case of classical nucleation, metastability corresponds to the situation where a critical size exists within a localized fluctuation beyond which growth occurs. The capillary formalism attached to the concept of critical nucleus simply allows to consider the Gibbs free-energy difference ∆G of a spherical nucleus in the melt as the sum of a volume and an interface term, , [1] where r is the radius, σ LS is the solid-liquid interfacial energy (in J.m -2 ), and ∆G V the negative free enthalpy change in forming a unit of volume of solid from the liquid (in J.m -3 ). ∆G is shown to exhibit a maximum as a function of r, which forms an activation barrier of height ∆G* at a critical nucleus r*: In 1926, Volmer and Weber (17) used this formalism to find the nucleation rate from a supersaturated condensed vapour. They identified the fluctuations to (liquid) embryos, from where they calculated the nuclei distribution assuming that the nucleation rate is proportional to the critical nuclei population. An improved treatment was proposed by Becker and Döring (18) considering that embryos of critical size are formed by a sequence of bimolecular processes involving vapour molecules and subcritical embryos some of which are dissolved. The theory for the rate of homogeneous nucleation in condensed systems was finally proposed by Turnbull and Fisher (19, 20) . This theory provides a possibility to determine σ LS from experiments. They derived the following expression for the frequency J of the formation of crystal nuclei per unit volume of an undercooled liquid (i.e. the nucleation rate) [3] where k B is the Boltzmann constant and T is the temperature. Limited across the phase boundary, K V is estimated to be close 10 .m -3 at the very most for heterogeneous nucleation, the determination of K V is considered the clearest way to distinguish properly between homogeneous and heterogeneous processes. This can be undertaken by studying the effect of sample size on nucleation or, according to Skripov (21) , by analysing the full width at half maximum of the distribution of nucleation events. The first method, practiced by Turnbull (22) on liquid Hg droplets, requires a significant variation of the sample volume, which in turn introduces different experimental conditions. The latter statistical method implies an accurate resolution of the temperature, as the critical undercooling can be quite narrowly defined. Finally, the difficulty in measuring K V is such that it is often not possible to ascertain homogeneous nucleation in practice.
Keeping in mind that the limit to crystal nucleation is an intrinsic property of the element under consideration (23) , the explanation of the attainable amount of liquid undercooling for each element should be regarded as an ultimate objective in this domain. In such a way, the study of refractory metals appears of major importance from a methodological point of view for three reasons. First, undercooling experiments have essentially dealt with elements ranging between Hg and Fe in melting temperature, thus by considering in a common approach elements characterized by very different physical and chemical properties. The 3d-series is characterized by the occurrence of magnetic effects as well as by the numerous allotropic transformations of Mn. The undercooled non transition elements like metals (Al, Pb, In, Ga, Sn), semimetals (Bi, Sb) or semiconductors (Si, Ge) display a large variety of crystallographic structures. On the contrary, 4d-and 5d-transition elements (from group IVB to group IIB) offer a remarkable succession of h.c.p., b.c.c., h.c.p. and f.c.c. structures. Second, statistical analysis according to Skripov (21) has given evidence for a homogeneous nucleation process in several refractory metals (24, 25) , thus offering propitious conditions to discuss the limit to crystal nucleation, at least in the framework of the classical theory of nucleation. Third, an interesting agreement has been noticed (24) between experimental solid-liquid interfacial energies and calculated values from the application of the semi-empirical Skapski correlation (26) , where σ LS is expressed as a function of the liquid-vapour surface energy σ LV of the metal at the melting temperature, already correlated to selected physical properties by Allen (27) .
The purpose of the paper is to conduct a first analysis of the level of undercooling (the undercoolability) of 3d-, 4d-and 5d-transition metals through the research of correlations between σ LS and σ LV values and corresponding dimensionless numbers with respect to the position in the periodic table. This analysis is further extended to the case of other common undercooled elements. The study includes a critical survey of used thermophysical data and experimental results, especially of undercooling amounts leading to σ LS values and liquid-vapour surface energy measurements (see Table 1 ). Key experiments still useful to clarify the situation on pure elements are suggested in this contribution.
II. COMMENTS ON THE LIMIT TO CRYSTAL NUCLEATION
Let us denote ∆T = T m -T n the amount of undercooling and θ = ∆T/T m the normalized amount of undercooling (T m is the melting temperature and T n is the nucleation temperature). Turnbull and Cech (9) remarked that the ∆T values obtained by Mendenhall and Ingersoll (7) are roughly proportional to T m and established that θ is a constant (0.18 ± 0.02) based on new experiments. The systematic use of a scaling ∆T against T m allows comparisons between experiments but promotes the speculation of a defined, relatively unique, θ limit for metals. Nonetheless, if we consider the two basic hypotheses made on J (the critical nucleus is unique, i.e. JVt = 1, where V is the sample volume and t is the time to nucleation) and K V (10 39 s -
1
.m -3 for homogeneous nucleation), the relevant term in the exponential [3] is a constant for a given experimental configuration, our choice is then to define the dimensionless number K V *,
K V * is typically 3 x 10 31 for bulk droplets considered by container-less processing (drop-tube facility, electromagnetic levitation) or 2 x 10 27 for tiny particles prepared by the dispersion technique. By assuming the classical approximation for ∆G V of pure melts as the product of the entropy of fusion ∆S m and ∆T (28), the nucleation barrier can be rewritten using two dimensionless numbers, the normalized amount of undercooling θ and C n (24): .mol -1 ). The graphic interpretation for homogeneous nucleation using the θ -C n scaling (Fig.1) shows that the absolute limit is an intrinsic property of the material as long as no relation is introduced between the thermophysical properties appearing in C n . If J increases with θ and reaches a maximum for θ = 2/3 independently of σ LS and ∆S m values (29) , this maximum is clearly an ultimate limit for liquid undercooling, but not a universal limit. C n can also be expressed versus the dimensionless solid-liquid interfacial energy α LS : 
R is the universal gas constant and N is the Avogadro number. ∆H m is the enthalpy of fusion (in J.mol Table 1 ), the entropy of fusion of the common undercooled elements is roughly constant for twenty one of them leading to an average value of 9.30 ± 0.35 J.K .mol -1 ), that includes Fe, and for Al, W and Sn. No typical value can be found for Ga, Bi, Sb, Te, Se, Si and Ge.
For large normalized amounts of undercooling (θ > 0.3), the behaviour of the entropy of fusion must be described via a more complex formulation, involving the discontinuity of specific heat between liquid and solid. This is obviously not the case when dealing with pure transition metals (θ < 0.3), so that the classical Turnbull's expression of ∆G V can readily be applied. In the particular case of Ga, the undercooling is large enough (θ ≈ 0.50) by using the dispersion technique (30) to occur very near to the nose of the θ -C n curve. Since the maximum value for C n (i.e. for θ = 2/3) diminishes with K V *, the scaling supports the possibility for extremely small Ga droplets, through favourable characteristic times, to stay liquid (i.e. to bypass the nose) at the temperature of liquid nitrogen as realized by Koverda et al (31) . As a last remark, undercooling experiments are quite systematically performed by continuous cooling of the melt until nucleation. Consequently J is a function of both temperature and time. Nevertheless, according to Zeldovich's approach (32), the kinetic situations characterized by cooling rates lower than a few hundred of K.s -1 are far from the extreme kinetic conditions that could influence undercooling (> 10 4 K.s -1 ). The growth of pure metals from highly undercooled melts is so rapid that nucleation phenomenon and observation of the phase transition at a macroscopic scale through recalescence manifestation (detected by optical pyrometry or using thermocouples) are almost simultaneous. The classical theory of nucleation does not allow to a priori predict liquid undercooling and consequently σ LS (or α LS ). Different techniques analysed in detail by Howe (33) have been developed to examine the atomic structure and behaviour of the solid-liquid interface: (i) analytical or computer-built versions of the Bernal model, which construct hard-sphere models of the interface according to certain packing rules, (ii) Monte-Carlo simulations, which utilize the interatomic potential of the atoms and allow an ensemble of atoms to evolve to thermodynamic equilibrium through a series of probabilistic jumps, and (iii) molecular dynamics simulations, where the atoms are allowed to move according to the laws of Newtonian mechanics. Recent theoretical developments of crystal nucleation have also been critically reviewed by Gránásy (34) with the emphasis placed on modelling the properties of small clusters. The Spaepen's analysis (35) is the first major attempt to solve the structure of a solid-liquid interface. In this model, the translational order disappears in the first liquid side layer while the order perpendicular to the interface decreases much less. Consequently, the interface is characterized by a very small density deficit, in opposition with models based upon the assumption that the liquid disordered state is directly adjacent to the interface, as proposed for instance by Skapski (26) . Through Spaepen's analysis, the α LS values are 0.86 for f.c.c. and h.c.p. and 0.71 for b.c.c. (36, 37) . Molecular dynamics simulations using various Lennard-Jones potentials yielded α LS values of 0.32 (38) and 0.36 (39) . Recently, Iwamatsu (40,41) developed a unified Landau-Ginzburg model derived from microscopic density functional theory that fits well again with the value of θ ≈ 0.18 (by considering a prefactor that is orders of magnitude higher than the classical one is assumed). Finally, Davidchack and Laird (42) reported a direct calculation by molecular-dynamics computer simulation of the crystal/melt interfacial free energy. α LS is found to be of 0.51 with a slightly anisotropic effect depending on the considered fcc crystal/fluid interface. Apart from Spaepen's analysis, that supports extremely large amounts of undercooling never obtained on transition metals, there is a good agreement between the experimental results, including Turnbull's initial result, and the most recent simulations on α LS or θ.
III. LIQUID-VAPOUR SURFACE ENERGIES
The data relative to non refractory elements come from Keene's review (43) and are mean values calculated from all the available data for σ LV , mainly obtained by using the sessile drop and maximum bubble pressure techniques. However, a suitable way to measure the liquid-vapour surface energy σ LV for reactive and high melting point materials is the drop weight technique practiced at the extremity of a [7] where m is the mass of the collected drop, g° is the acceleration due to gravity, r W is the radius of the wire at the melting temperature and F is a tabulated empirical factor. Our work in this field relies on a careful implementation of the pendant drop technique at the top of the 48-metres high Grenoble drop-tube working under ultrahigh vacuum conditions (≈ 10 -9 mbar). Owing to uncustomary reproducibility of both the masses (≈ 0.6%) and the initial temperatures (a few K) of the falling samples, propitious conditions were found to realize new liquid-vapour surface energy measurements for ten refractory metals, namely W, Re, Ta, Ir, Nb, Zr, Hf, V, Ti and Pt (44, 45) . In the course of these experiments, some insight into the physics of the detachment problem of pendant volumes was gained, leading to the conclusion that the discrepancies between the published values for the liquid-vapour surface energy of refractory metals was due to the complex behaviour of entrapped gases in the molten volume (44) . As a matter of fact, identical experimental values (∆σ LV < ± 0.010 J.m -2 ) were found when comparing our measurements with data obtained by authors using indisputably gas free specimens, i.e. zone melted rods.
A word of discussion on Allen's work (27) is relevant at this point. The higher experimental values are often preferred on the argument that they are closest to the true value for totally pure metal. Indeed, Allen proposed for Re a σ LV value of 2.750 J.m -2 instead of 2.520 J.m -2 through our measurements. However, Allen's data are a mixing of measurements realized by both drop-weight and pendant drop methods. In this last method, σ LV is deduced from a best fit procedure on pictures of the pendant profile. The application of the pendant drop method requires an accurate knowledge of the liquid density since σ LV is directly proportional to ρ Liq . In fact, from a methodological point of view, the pendant drop method could be useful to measure the liquid density, as rightly recognized by Ivaschenko and Martsenyuk (46) . As a matter of fact, liquid densities measured by these authors for V and Nb are in excellent agreement with those obtained later by using the isobaric expansion technique. In this context, one has to remember that the liquid densities considered by Allen were calculated from room-temperature specific volumes increased for cubical expansion to the melting point and an estimated amount for fusion. Systematically overestimated values were calculated for ρ Liq , e.g. 17.5 g.cm -3 for W instead of 16.2 g.cm -3 through measurements performed later. Another weakness of Allen's work is that his data for the drop-weight method are deduced from an extrapolation procedure at zero rod diameter depending on the melting temperature, which has obviously no physical basis. Nonetheless, Allen's experimental results in terms of drop shape factors can be reinterpreted. In the lack of a new measurement on σ LV for Os, it is possible to consider the value obtained from the dropweight method (2.400 J.m ). Concerning Ru, in connection with a liquid density of 10.7 x 10 3 kg.m -3 (47), Rh (48) and Mo (49) , other values available in the literature have been selected that are a few percentage points below Allen's original proposals. According to Skapski (50) , the variation of liquid-vapour surface energy of molten metals at melting temperature is often plotted as :
where ∆H vap° is the heat of vaporisation at zero temperature. However, by analogy with Eq.
[6b], C multiplied by N 1/3 can be considered as a dimensionless surface energy α LV and so, potentially, as an intrinsic property of the metal under consideration. To apply the above equations, it is possible to consider for the liquid densities of refractory metals the scarce measurements realized using: (i) an isobaric expansion technique (Ti, V (51), Ta, W (52), Nb (53), Ir (54), Re (55), Mo(56)), (ii) the pendant drop technique (Rh (57), Hf (58), Os and Ru in this contribution from original Allen's work) and very recently (iii) a high-temperature electrostatic levitator (Zr (59)). The other data come from Smithells Metals Reference Book (60) . Concerning the molar mass, melting temperature and heat of vaporization, we have considered the recent critical analysis realized by Dellacherie and Solimando (61) . For the elements not considered by these authors (V, Nb, Hf, Rh, Ta, Ir, Ru and Tc) we have taken into account the values reported by the University of Sheffield (62) for ∆H vap°. (68, 69) from exploded wires. If this method, on the verge of atomisation techniques, could allow large amounts of undercooling, temperature measurement on droplets collections can hardly be considered reliable enough. Temperature measurement in high drop-tube facilities has extensively been discussed elsewhere (70, 71) . During the free-fall, the brightness of the single droplet is tracked by a series of high-speed silicon diodes. The recording of the recalescence event offers two independent ways to determine the nucleation temperature T n . Measuring the duration of radiant cooling from release to nucleation event, T n may be first calculated via a numerical integration of the cooling rate which takes into account linear evolutions of liquid density (29) , heat capacity (72) and hemispherical emissivity. Considering only data at the melting temperature leads to an overestimation of ∆T, as made on Nb by Lacy et al (73) in their pioneer work in this field (i.e. 530 K instead of 450 K). Moreover, the initial temperature can be identified with T m only for indisputably gas-free specimens. Otherwise a significant increase of droplet temperature appears prior to release due to the harmful action of the entrapped gases. This leads to an increase of the cooling time to reach T n and so an overestimation of undercooling (71) . Alternatively T n can be determined by single color pyrometry from the height of the recalescence peak assuming that the post-recalescence temperature identifies with the melting temperature of the metal (70) .
IV. SOLID-LIQUID INTERFACE ENERGIES
From a practical point of view, the differences in undercooling determinations of W, Ta, Nb and Ir through these two methods are smaller than the combined uncertainty of either approach. The largest undercooling amount of 350 K recently reported for Zr by Morton et al (25) using an electrostatic levitator with direct optical pyrometry for temperature measurement, is equivalent to this obtained in our facility on this metal. The sole exception is found for Re that reaches the hypercooling regime (15), i.e. the post-recalescence temperature does not reach T m . So, a great confidence has been gained in the used thermophysical properties (mainly coming from isobaric expansion technique for ρ, ∆H m and C P ) and consequently on undercooling amounts. This data base has fruitfully been tested to interpret the numerous metastable phenomena observed in the course of our drop-tube experiments, in particular the experimental evidence of transitory metastable phases for Ta and Re coupled with a theoretical approach from first-principles calculations for identification (74) .
A non satisfactory situation nevertheless remains in the case of Mo where the problem of entrapped gases is difficult to solve explaining a limited number of successful experiments. This metal has been presented (23, 24) as showing the lowest undercoolability (θ ≈ 0.10) on the basis of thermophysical measurements realized by Seydel et al (75) .K -1 for C P , already used by Hofmeister (65) . Applying these data to Cortella's original result (66) (i.e. a free-fall time of 1.538 s to recalescence for a droplet mass of 0.251 g) leads to θ ≈ 0.18. Concerning Hf and Pt, the θ values given in Table 1 come from new experiments. The value for Rh is due to Hofmeister (65) . Due to the lack of wires to apply the pendant drop technique in high drop-tube facilities, no undercooling experiments have been realized so far on Os and Ru. No data are also available for Tc (obviously), Cr and V.
IV.2. Undercooling results on other elements
The undercooling experiments on non transition elements have mainly been performed using emulsion or dispersion techniques. The values considered in Table 1 come from the literature survey due to Perepezko (11) who has realized numerous investigations on low melting point elements (30) . The non refractory transition elements (Cu, Ag, Au, Cr, Mn, Fe, Co, Ni, Pd, Cd and Hg) have been studied by means of crucible, electromagnetic levitation, emulsion or dispersion techniques. As shown in Table 2 , there is a good agreement between the values obtained by these techniques for Pd, Cu, Ag and Au, especially if we remember that an increase of ∆T is expected through the use of smaller samples (i.e. the effect of K V * shown in Fig.1 ). Concerning Ni, Hofmeister (65) rightly pointed out that the result obtained by Gomersall et al (13) should be viewed with caution until the experiment can be repeated. As a matter of fact, Willnecker et al (77) were only able to confirm a modest undercooling in spite of the use of an ultrahigh vacuum system. Nevertheless, contemporary to this last work, one does have to take into consideration the experiment performed by Schade et al (78) that confirms Gomersall's investigation. Both Shade's and Gomersall's results are in good agreement with the value reported by Ovsienko et al (79) by dispersion technique. An identical situation is found for Fe with two experimentally proposed values around θ ≈ 0.17 (9, 77) and θ ≈ 0.29 again (78, 80) . In the case of Co the undercooling amounts obtained by the dispersion technique (10,79) appear significantly higher to those established by the levitation technique, including Schade's contribution (78) . If the largest amount is here taken into consideration by analogy with Fe and Ni, our purpose is also to identify key experiments that could remain on pure elements. Finally, the undercoolability of Zn is derived from the value of σ LS coming from dihedral angle measurements (81) . Tab.2: Maximum normalized amounts of undercooling obtained on non refractory transition metals by crucible, container-less processing (electromagnetic levitation) and emulsion or dispersion techniques (note: since the undercooling experiments on refractory metals have been exclusively realized by container-less processing, the undercooling obtained by the dispersion technique has been slightly lowered to take into account the K v * effect). Fig. 3a shows the variation of σ LV at the melting point for the 3d-, 4d-and 5d-transition metals. The general trends given by Allen (27) remain, including the presently added Zn, Cd and Hg transition elements, in spite of significant modifications towards lower values of data through new measurements. However, Allen points out that the estimated surface energy of Mn and Tc are less than those of neighbouring metals. If this point is confirmed for Mn, this is not the case for Tc for which the estimation at 2.100 J.m -2 (63) now appears compatible with the maximum for the 4d-series. By reference to Re (or Tc), the difference in liquid-vapour surface energies is higher for Hg (or Cd) than for Hf (or Zr). The solid-liquid interface energies σ LS are determined from undercooling experiments by applying Eq. [5ab]. It is assumed that the maximum amounts of liquid undercooling reported in the literature, especially for non refractory metals, are consistent with homogeneous nucleation. As shown in Fig.3b , a first remarkable result is that the solid-liquid interface energies of transition metals follow the same trends as that the liquid-vapour surface energies with respect to the position in the periodic table. In the case of the 4d-series, the behaviour is clear enough to propose a σ LS value for Tc and consequently an estimated amount of undercooling of θ ≈ 0.24 very close to that of Re. Concerning the 3d-series, Mn shows the same anomaly as for σ LV , suggesting an identical behaviour for the other elements. In particular, giving V and Cr the same σ LS value as that of Ti or Mn would give an unacceptably low normalized undercooling of θ ≈ 0.08. Assuming the same trend on both σ LV and σ LS from Ti to Mn nevertheless leads to modest undercooling for V (θ ≈ 0.15) and Cr (θ ≈ 0.13). When assuming the reliability of the largest results obtained on Fe and Ni, a quite identical undercoolability can be expected for Co since another anomaly would be difficult to understand in this series. Fig.3c shows the corresponding trends for the dimensionless α LV. It has been pointed out (43, 64) that there is a good correlation with Eq. [8a] taking into account a slope C of 0.16 x 10 -8 (i.e. α LV ≈ 0.135). However the tendencies found through groups or periods indicate that this correlation is somewhat simplistic (also for non transition elements). Among the transition metals, Zn, Cd and Hg exhibit high dimensionless interface energies essentially through low ∆H vap° values. The translation of the trends obtained on σ LS in terms of dimensionless interface energy α LS (Fig.3d) leads to find the majority of transition metals between 0.40 and 0.50, so around the classical Turnbull value of 0.45, i.e. 0.482 ± 0.060 (≈ ±12%) on all transition metals. The mean dimensionless solid-liquid interface energies obtained on elements having the same crystallographic structure increase with the following sequence A4 (cubic, diamond type), A2 (cubic, W type), A1 (f.c.c., Cu type) and A3 (h.c.p., Mg type) as shown in Table 3 . Note that the average values obtained for the compact f.c.c. and h.c.p. structures are in excellent agreement with the recent calculation from molecular dynamics of Davidchack and Laird (42), i.e. 0.51. However, these mean values can not be used to predict particular behaviours, since the most concrete physical meaning is found through the corresponding dimensional energies. This last point of view is particularly well exemplified for Hg which otherwise could appear as an exception.
V. CORRELATIONS WITH THE POSITION IN THE PERIODIC TABLE V.1. Liquid-vapour surface energies, solid-liquid interface energies
Ge V.2. Critical nucleus and dimensionless β β β β number On the basis of the above consideration, trends for the critical nucleus size cannot evidently be supposed. At least, r* could appear as: [9] so the product of α LS /θ by an intrinsic length L that reflects compactness through V m 1/3 . As shown in Fig.4a this length displays a parabolic behaviour in each series with the sole anomaly of Mn. This behaviour is the consequence of the liquid density ρ Liq variation versus atomic number that is also found for the solid at ambient temperature (Fig.4b) . This explains why L focuses attention on elements placed on the right side of each series, as for instance Ir for the 5d-series. The trends of the critical nucleus size r* are well defined for 4d-and 5d-transition metals and more clear than those obtained for α LS (Fig.4c) .
Following Skapski, the ratio of σ LS to σ LV leads to introduce a dimensionless β number. This number has been often considered roughly constant and a possible average value obtained for transition elements is 0.140 ± 0.027 (i.e. ≈ ±19%). Nevertheless, more subtle behaviours can be found when considering this number (Fig.4d) . As a matter of fact, the anomaly of Mn disappears in the 3d-series while the other elements follows a regular increase to Ni. For the 4d-series the parabolic form is resumed but for the Tc value which is slightly lower than the values obtained for Mo and Ru placed on each side in the series. It is noteworthy that an anomaly appears for Ag that show a highest β value than this suggested by the trend. A decrease in β can be obtained through a significant decrease of σ LS which is unlikely or an increase of σ LV which could appear more satisfactory with the trend observed for σ LV through the 4d-series (Fig.3a) . Finally, the 5d-series displays a parabolic shape with again a maximum for W. Moreover, β  is found to follow a remarkable linear dependency against the melting temperature with a confidence interval of 98.3% which is only obtained for this series (Fig.5a ). This interval is only of 92% when considering independently the evolutions of σ LV and σ LS against the melting temperature.
Taking into account the limited number of elements for each period when discussing the non transition elements, it is difficult enough to find trends for both σ LV and σ LS values. As for the transition metals, the use of the dimensionless energies do not allow any clarification. Nonetheless, a clear classification of behaviours into several groups, namely metals, semimetals, semiconductors and the somewhat exotic Se and Te elements appears by using the dimensionless β number (Fig.5b) . The metals are characterized by a β value of the same order as that obtained for transition elements. Nevertheless, it must be noticed that the apparently good agreement for Al is obtained using a liquid-vapour surface energy of 0.870 J.m -2 . However, as pointed out by Keene (43) , several measurements suggest that most data for σ LV of Al pertain to oxygen saturated material and that for pure metal σ LV could be of the order of 1.075 J.m -2 . Assuming the same β value leads to a solid-liquid interface energy of 0.132 J.m -2 , so to expect a highest amount of undercooling for this element (25 % of T m instead of 17 %).
V.3. Other physical properties
The behaviours displayed by σ LS and σ LV are fruitfully compared to those of cohesion energies of solids E c (Fig.4c) and melting temperatures T m (Fig.4d ) through these series (82) . A similar parabolic trend is found for both E c and T m values of the 5d-series. A good resemblance between E c , T m , σ LV and σ LS curves is encountered for the 3d-series with the Mn anomaly and a relative plateau for the Fe, Co, Ni. The 4d-series is mainly characterized by a strong anomaly for the manmade element Tc. If the data reported by Iida and Guthrie (87) do not suggest any correlation for the boiling temperatures T b , this is not the case (Fig. 6a) taking into account the recent review proposed by Dellacherie and Solimendo (61) .
The experimental data on the liquid-vapour surface energy or liquid density at the melting temperature are accurate enough to give clear correlations. This is generally not the case when considering the coefficients in temperature, leading to find some support from models. Calculations of dσ LV /dT have been originally performed using the Eötvös' law (see Ref. 87) . Based on two different physical approaches, Miedema and Boom (88) and more recently Eustathopoulos et al (89) were led to propose the same following expression for dσ LV /dT (or σ'), . In the work of Eustathopoulos et al (89) , b is defined by applying Skapski's model (26, 90) as the ratio S S /f, where S S is the surface entropy and f is a factor of compactness (Eq.10b). Assuming the three modes of oscillation of a surface atom equivalent and the surface structure of liquid metals well approximated by the plane (111) .K -1 and f = 1.091. The prediction of this model mainly depends on the experimental data on dρ Liq /dT, that seems only well determined for the 3d-series, assuming that this property should be connected with the atomic number (Fig.6b) (Fig.6c) , that is of the same order of the experimental spread on σ' for Cu. We may believe that the value reported for Zr by Paradis and Rhim (59) ) during the same experiments by electrostatic levitation. The critical temperature T c , for which the liquid-vapour surface energy drops to zero, can be estimated by applying Eötvös' law (see Ref. 87) .
As a last remark, a simple relation between liquid-vapour surface energy and viscosity η (Eq. [11] ) has been deduced by Egry (91) , [11] with a good agreement with experimental data. This relation, leading to the correlations given in Fig.6d , is of a great interest since its links a surface property σ LV to a bulk property η and consequently to bulk diffusion via the Stokes-Einstein relation (see Ref. 87) .
VI. CONCLUSION
Numerous physical properties are closely related to the position of the element in the periodic table. Evidences in such correlations are particularly gained when focusing attention on the elements of 4d-and 5d-series. However, experience is often difficult to be realized, since these key-elements display a refractory character. In this context, it is not surprizing that drop-tube experiment on such metals has led to the possibility to discuss the level of undercooling of a very large number of elements, and to our knowledge this is the first tentative in individualizing each behaviour. The most interesting result was in establishing that the solid-liquid interface energy determined from undercooling experiments can be also connected to the position of the element under consideration in the periodic table. As a matter of fact, no significant unexplained anomaly has been identified making believe that the classical theory furnishes a robust support to describe the crystal nucleation. The 5d-series, that do not present any physical anomaly, shows the most perfect parabolic trends for dimensional properties such as energy of cohesion, melting temperature, density, liquid-vapour surface energy, solid-liquid interface energy. In spite of clear correspondences with the crystallographic structure, the use of the dimensionless solidliquid interface energy α LS appears of little interest since the most concrete physical meaning is found through the dimensional energy. A classification of the elements into different groups is obtained by considering the β number, the main division being between metals and non metals.
The correlations found in the course of this work for the solid-liquid interface energy are clear enough to be thought to have a physical consistency, so that the maximum amounts of undercooling reported in the literature should be consistent with homogeneous nucleation. This is an encouraging result for a better description of heterogeneous nucleation, but also to develop an experimental strategy for studying alloys. It remains that homogeneous nucleation can only be claimed on the basis of kinetics measurements, but not on the simple argumentation of reaching a temperature fitting well with the trends. These kinetics measurements are also of a central importance when dealing with alloys, due to the possibility in getting significant variations of K v , as theoretically established for instance in the case of multicomponent liquid alloys (92) . Concerning pure metals, it is not in doubt that several experiments remain to be undertaken as for instance of V for a more complete overview. Moreover, the situation for the Fe, Co and Ni triad can not be said satisfactorily enough in comparing their undercoolability. In case of choice, the undercooling experiments should be focused on Co. Finally, the application of container-less processing is expected to allow a better knowledge on refractory transition metals and alloys (93) , that are gaining increasing importance in the high technology field. 
